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AllS’J’I{AC’J’. one-day  N1M2at-~aSS, ll~tc]f[:]c)]l~ct]ic  Sy]~tllctic-A]]cltl]]c:  l{adar data ac-
quired iII octobm 1994,  at 1,-hand  f r e q u e n c y  (24-c.111 wavclc]lgtll),  v e r t i c a l  trans]nit  and
rccci  vc ])01  ari zatj on, by the S])accbornc imag ing  l{adar-C were used to prducc  the first
IIIa]JS of both tlIc surface t o p o g r a p h y  a n d  ice vc]ocity of IIIC ]lort]l-wcstcm flank of the
Nortllcrll l’atagollia lccficld, ;Il Chile.  ‘J’hc tol)ograp]lic  ma}) lIas  a 10-m ho r i zon t a l  resolu-
tion aIId a 1 O-]11  vertical resolution whic]l  slIould  bc sufficic]lt  to bc used as a refcrcncc  for
future direct ]I)casurcmcnts  of glacjcr mass clla]lgcs. ‘J’lIc icc vclocjty map, limitd to  one
CO II I]) OIIc IIt J of IIorizo]ltal ]notion, ])rovidcs  estimates of daily ]nol,ioll in tlIc line-of-sight of

llIc rad:Ir  will]  a l)rccisio]l  of 5 ]nln. ‘J’lIc results dclno]~stratc tllc utiliz:ition  of 1,-band SAI{
i]lt(’]f(’]()]]]c:t]y  - aIId i t s  ])ossjb]c  su])crjorji,y  t o  C-lJiIIId SAI{. j]lt(~]fc:]o])lctry  - to ]noniior
p,lil(”iolo~iCill” ])aralllctcrs 011 a  spa t i a l  and tcnl])or:ll S( alc ullattai]l;ll)lc l)y ally otllcr lnca]ls.

over  tile SaH  l{afdcl  Glac.jcr,  a fast-] l]oving,  tcl]l])(ratc,  tidewater glacier wjth g r o u n d e d
tcr]llilllls, i,lIc intcrfcrolnctric vcloc.itics,  convcrtccl  to Ilkro-[lilllcllsioll:il  dis])lacc]ncnts,  rcvca]
tlI(! I)rcsuIIcc of a 4.6 k]ll-wide icc strca]n moving at 2.5 in/d fro]ln  tllc cc]ltral part,  of tllc
ic(~licl(l. IIcloiv  tllc cquilibriulln  li]lc  altjtudc, tlIc  ic.c sl rcalII II Iovcs at ]Icarly  t,lIc salnc s p e d
Illltil  5 kIIl froln tlIc tcrmillus wlIcrc  lo]lgitudina] stretclli]]g abruptly incrcascs to very high
\;Il,lcs (1 ;,- ‘ ), i*,itiatiI~g  ra],jd flow wl,icll  lnai]itai],s I,llrougllout  tile tcr]ninal val]cy  and
yj(:l(ls tc’r]]li]lal vcloc.itics  > 17.5 111/d.  Calculated rc+jstivc stresses sl~ow that longitudinal

tr]isioll (Io]]]i]latos  t]lc ]Iorjzontal s t r e s s  rcgilllc alId that  the j]litiatioll of fast flow at  the
C’Iltl’illl(’(? to tllc tcrmi]la] valley is Colltrolld l)y lol]git  udillal ,qradicllts j]l longitudi]lal  stress

. .
illl(l  I)J’  tll C (ll”l VJll~ SIIC?II’ Stl’CSS.
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lN’TROIIUCTIOhT

‘J’he SoutlIcrn  a]ld Norther~L l’atagonia  lcdields, ill t he  soutllcrli part of South America,,

are the world’s largest ice masses after the Grcwnland  and Antarctic lce Sheets (W’armn and

SugdcII,  1993)  (1’igure  1). ~’lIe S o u t h e r n  l)atagonia  lcefield  .( Ca]lljm de IIielo I’atagonico

Sur) lies in the southern part of Chile and Ar.ge]ltina.  at about  50[’ south and 73° west, and

st, retc.hes  along the southern Andes for 360 km, with a maximum width of 90 k]n. l]he Nortl~-

crn  l’atagonia lccficld (Carnpo dc ]Iielo  l’atagonico  hlorte), celltcred at a b o u t  47° south,

73° 30” west, extends to lower  latitudes than any 01 her  ice ]~lassl aIId covers  a contiguous

area of 4200 km2, approximatm]y 100 km lo]lg by 45 km wide. As tlIc  icdiclds  m-e located in

a ZOIIC of wcstcrlics, the western part is wet  with all estimated precipitation bctwcwn 4,000

to 1 0 , 0 0 0  l~lm (Inouc  et 01., 1987; Ydmada,  1987),  ancl t he  caster]] ])art i s  d r y  (Ohata ct

al., 1 !385).  Abundant, precipitation and hig}l melt I ates pmducc strep balance gradients,

with a sllar])  cast-west contlast in ,gIaciological  characteris t ics . ‘J’hmc highly contrasted

dynamic glacial systems could offer many clues about  northcrw and southern hemisphere

asynchroIlous  glacier behavior, calving dynamics, alicl mass-balance relationships, but their

glaciological c.haractcristics are poorly linowII. At pI esent, topography exists for only a few

glaciers, while no topcqyaphy  exist for the vast intvrior of ille iccficlds.  Velocity on both

iccfields has bcc]i  measured on only five of the ovcl 100 glaciers and these consist of only

])oint  mcasurcmcnts. Accumulation has bee]l measured at oIIly OIIC location, and t]le mass

halallcc of the iceflclcls  is unkrIowll.

III this study, wc discuss the application of the Sy]]tlletic-A])clt~lrc l{adar (SAI{)  doub]c

dif~erc])cc  il]tcrferometry  tecliniquc to derive maps of both the surface topograljby  and the

ice velocity of the ]]orth-western flaIlk of tllc Nortllcrn Patagc)ni.an  Ice. fielcl. ‘1’he interfero-

]net  ric. SA1{. (ln SAl{)  data were acquired i]] early October 1994 by tl]c Spat.eborl]e l]naging

l{adar-C SAI{ omboard  the space shuttle l;~lcleavour, duri]]g  tlic oneday exact repeat-l)ass

cycle of its second ]nission, Slt I,-2. On October 8, {), 10 and 11, fcjur intcrferometric  passes
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arid is diagolially  travcmecl  by the I.iquinc-Ofqui f au l t  sysi,e]n ((l,lz1)  to ( 4 5 , 1 )  i n  l“igurc

2). ‘J’lic fault scarlJ  forms ari a,brupt  mountain wal l  on tl)e cmstcIJI  side  of t]le  l,agulla Sar)

l{afael, where surface e]cvatioll increases from sea-level to well-al)ove  1400 m ill less than

5 km.

‘1’llc  Sari Rafael Glacier is the most active glacier of the Northern l’atagonia  lcefielcl,

d r a i n i n g  18%1 of its total area (Aniya, 1988). It is the lowest latitude tidewater glacier

in tile world. Its calving fro]lt  is 30-70 In IIigh, statlding  in water al~out  100-300 m dcwp,

and therefore assujnccl  to be grounded. ICC vc]ocity  exceeds 17-22 n)/d (1XH day) near’ its

terlninus (I{ondo and Yamada, 1988),  making the San Rafael (.;lacier one of  the  world’s

fastest glacier in a non-surge mode a long-s ide  wit]) the JakobslIavIi ]sbrac in Grcellland,

a sub-polar  t idewater  glacier wit}l floatin?,  termi]llls moving a t  17-23 nl/d (Ijcllelmeyer

and ]Iarriso]l, 1990), and the Colulnbia  glacier, Alaska, a tclnpcrate tidewater glacier with

grounded terlninus moving at 10-14 m/d (Krirnmel and Vaughn, 1987; Walters and Dunla.p,

1987;  Meier and l’ost, 1987). ‘J’he fast motion of tile Sail  ]{afac] (;]acier probably resul ts

fro~n a colnbination  of factors that include the hi~,b accumulation rates recorded in the

area (> 4000 mm ]Jer year), tile steep western slo~)e of the tcctollical]y active mountains,

the intense calving activity at the glacier tcr]ninus, and the warm clilnate which maintains

warm ic.c tel~)peratures, high rates of p]asticice deformation, and at)ulldant subglacial water

frol[~ mcltillg and rainfall wliich  should contribute to high rates of I)asal slidillg (Naruse,

1985).  ‘J’hc glacier is a])})  roxi]nate]y  45 kin long, 25 km wide ill ~naxilnuIn,  but confined  to a

3 kI1l-wride valley, 5 km from the terminus. Its total area is 780 krn~. ‘J’he a.cculnulation area

is 585 kn12, the largest of the Northern l)atagonia lcefield  (Aniya ,1988), and 3.3 times the

size of the alj]atio]i area. Accumulations rates are poorly k]low]i but ]nay  be the highest in

the world since year-round rainfall and snowfall yield mean annual ])reci])itation >8000 Inn]

on the central plateau of the icefield  (Ikcobar  et al., 1992). }Talnadii  (1 987) measured 3.54111

annual ac.culnulat,  iorl at 1 290-m  elevation from an ice core. SuIIl Incr ablation varies from
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6-7 cm/d near the terminus to 1-2 cm/d in the firII  zone  at 1000” m elevation (Ohata et

al., 1985; l{ondo ancl Yamada, 1988).  N o  d a t a  h a v e  bcxvI collcctcd in w i n t e r .  W a r r e n

(1 993)  estimated suInmcr  calving fluxes to bc al~out  2 Mm3/a o] 0.73 km3/a (per aI1nuJn),

while Ohata cd al. (1985)  estimated that calving and melting c.olltribute roughly equally to

total mass loss. Aniya (1988)  estimated the equilibr; urn line altitude to bc at 1200 m. ICC

thickness and bed  topography arc unknowvl. ‘1’he oIily cxistilig tllickllcss cstilnates i n  t he

Northern I)atagonia lceflcld  were oht,ainm]  from gravi [y anon)  a]ies  OIJ So]er  and Ncf  GIacicrs

on the ca.stern side, arid  along a transect joining the h’ef Glacier to t IIc accu]nulatiou area of

the San QuintiIl Glacier in the cclltral par-t of the icrficld (Casassii,  1987).  ‘J’hc San Rafael

Glacier has been known  to retreat at drastic rates of up to 300 nl/a in the late 1980s,  but

glacial  retreat  halted  i~) 1990,  and the ~lortll margill a d v a n c e d  ill 1991 and 1992 (Warrcll,

1993)  while the southern margin retreated slightly (Wada and  ,!lliya, 1 !395). As typical

of many other tidewater glaciers (Mcier and l)ost, 1987), tllesc fi~lctuatio]ls  ill position of

t,lic terlninus do not reflect trends  in air-temperature, but SCCIII to fc)llow annual changes in

precipitation with a ,5 to 10-year reaction tilnc (Warren, 1!393).

ME’T}30DS

B a c k g r o u n d .

‘1’hc principles of SA ]{ interfc!romctry have bcc!n prescmtcxi i JI scl’era] papers (e.g. ~ebfim’

and Goldstein,  1986;  Goldstein et u1., 1988: Gabriel et al., 1989; Zcblier  et al., 1994a and

19941)),  and recent applications over polar ice sheets have heel] discussed e.g. in Goldstein

et al. (1993) for Antarctica and Rignot ct al. (1995)  for (~rcclllalld. Gabriel ct al. ( 1 9 8 9 )

introduced the double differe.)}cc  intcrfcrometry technique by wliicll  two successive SAR in-

terfcrograms  arc combinccl  together to eliminate surface topograptly,  leaving intcrfcromctric

frillgcs solely related to s]nal] surface displacements (onsccutivc  to natural cvcuts such as an

carthquakcl a lands ]idc, fault-creeping, ground-swelling, OJ ice nlotio]l. IIcrc, wc dcscribc

the details relevant to the application of the cloublc  cliffercncc  illtcrfcron]etry technique to
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glacier studies, i.e. the inference of both surface topography and ice velocity of an iccficld

from a ]Jair of SAIL intcrfcrograms.

SAR iIltcrferometry  exploits the pha,sc cohcIencc of radar rcluI ns received  from reflecting

surfac.c  elements by two slightly displaced radar antennas  to nleasurc tllc relative positions of

those surface clcmcmts  with great accuracy. ‘J’lLCSC  SUI face elcllicnts will appear dislJlac.cd  in

the ilnagcw collected by the two antennas as a result 0[’ two cfl’ccts: I ) a “stereoscopic” effect

duc to slight, diflcrcwccs  in viewing geometry of the surface cleIl]c’llts  by the two receiving

antennas aIId to cliff’crcnces  in surface elevation of tile surface Clc]ll[>nts  (1’igure  3); and 2)

actual ]notion of the surface elements in between the time of Iec.cpl ion of the radar signals

by the two receiving antcnna,s if the antennas do not operate silnultancously  (1’igure  4).

WheII  surface motio]l is negligible (e.g. the two antennas operate silnultaneously),  the

“stmeoscopic  eflect “ is utilized to derive a tc)pogra}jhic  map of I,I1o ilnaged surface. l’he

vertical accuracy in surface elevation is sc.alcd by th(~ baseli]le sc])aration  between the two

r e c e i v i n g  a n t e n n a s  and by the o p e r a t i n g  }savelengi  h of the rildar, but also dcpencls  o n

the phase noise level. l,arger baselines produce morv  accurate surface elevations. ]Icj’ond

a critical value of the basel ine,  however ,  the phas[:  values decorrclatc  bccausc the two

antennas  probe l~on-overla,pping  (hence indcpeudent  ) portions of tllc scattering patterns

from the surface elements. ‘J’his  phenomena is called  geometric decorrclation.

When  su r f ace  mo t ion  i s  ])rcscnt, the surface displacen]ents are detected ill the linc-

of-sight of the radar  within fractioIls of the radar wavelength (rllillilnctcrs), indcpende]lt

of the baseline separation between the antennas , a nd far more ]Jrecisely  t h a n  wit]} 1)011-

intmfcrometric tcch]liqucs  which are typically lirnittd  by the size of the individual surface

elements (tens of mete] s).

ILe])eat-track SAR intcrfero]nctry  is a particular Inodc  of radar intcrfcrometry  - used by

the SIR-C/ X-SAR instrument - by which the same antenna is flmwi twice over the same

area alol)g almost the exact same trajectory. l’he baseline separation is determined by the
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actual separation bctwccn succmsivc flight tracks. IJllclerstall  clal)ly, tlleb;isclillcllcccls to be

as short as possible to avoid gcc)mctric  dccol  relation efrects,  wliic}l requires well-maintained

orbits. l)irect adva.ntagesof  tl]cre~Jeat-tl:lckjl  ]tclfc10n3etl yil]cllld(  tllt:grc:ltcr silll~~licityof

the instrument (only onc  antenna), thcgcneration of more precise topography (possibility

to synthesize larger basel ines than t}lose accolnmodated 011 a si[lglc  plat form),  and the

possibility to coherently clctect surface cllallgcs. A IIlajor incollvcllicllcc is that the physical

and structural properties of the surface elmncmts  m:~y change in l)etw’cell the two tilnes of

imagil)g, e.g. as a result of storm activity or snow/ice Inelt. ill which case tile distribution

of scatterers is altered, tcxnporal pllasc coht~rence is destroyed, ar((l Ille  II)SA 1/ tech]  ~ique is

110 longer applicable.

G e n e r a t i o n  o f  S A R  intcrferograrns.

‘1’he  SIIL-C/X-SAl{ instrument, as almost all existing mode] n S~ll{s, recorded both an-

p]itude  allcl p]lase of the radar returns as I :i]ld Q quadrature ccJmlJoIIents.  !l’he  quadrature

colnponents  were colnbilled (0 fornl  a com])lcx  null  I twr which rcprcscllts the comp]ex  a m -

plitude of the radar signal. ‘] ’he SIIL-C images us~d here conlpi iscd 6292 range lines by

9592 azimuth lines of complex amplitudes, wjth a pixel s])acill~  of 3.33 m in slant-range

(corrcsl)olldillg to 4.5 ]n on the ground at a 43° incidence angle of tile radar illumillation)

and 5.21 m in azilnuth. ‘1’0 form arl interfcrogram,  the comp]ex  am])] itucles from one data

take (or image) were  multiplied by the complex co]l,jugate  of tile coInplcx  amp]itudcs from

a scconc] data take. ‘1’lIe i]lterferomctric phases were  then coIIIput  Pd as i,lic argunlent. of the

cross-  ])roducts. ‘J’hc cross-products  were  ]lormalim!  by the si:,lial  intmsity. ‘1’heir  nlagni-

tuclc  therefore  mcasurcc]  the tclnporal  c.ohere]lce  o(’ the i]~tt:rfc:ro][l[~tric phases bctwccn O

(unc.orrclatcd complex amplitudes or no p]lasc  coh(rcnce)  and 1 (correlated alnplitudes  or

complete coherence). ‘1’0 iInprove the phase signal. to-noise ratio, tile cross-]  )roducts  were

averaged to.gcther over several pixels before c,ompul ing the phase) a process callecl “lnulti  -

lookiIlg”, which is done at t,lIc expense of spatial rcso]utio]l. MTC used 3 looks in range ancl
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3 looks in azimuth, resulting in a !3-10ok interferc)gra]n. q’he ])rocess  rcduccd phase noise

and pixel size l)y 3. A larger llun~ber  of looks would  have further redllced  phase ]loisc but

would have also destroyed int,erfcro]nctric  details in r(’giolls of lalge strain rates such as the

lnarginal  shca.r  zones of the San Rafael Glacier.

l)rior to the computation of the cross-products ,  i,hc two irna~~,cs  IIad to be registered

within sub-pixel accuracy. !l’he mis-rwgistrat,ion  bet,weell  images results from clifrercnces  in

clocl<-ti Ine bet wcwn successive passes (ty])ically several pixels oflsct, i II azi~nuth  or along-track

positioll),  difl”crenccs  ill viewing geometry due to the baseline se])aration (typically a range

oflset of fractions of a pixel), and noll-parallel flights of the spacecraft (sub-pixel vilriations

in boi, ]l rallgc and azimuth offsets). As phase cohercm(e  is se~lsit, ive to sul~-pixe] rcgistra.tioll

errors (a clis])laccrnent  of two pixels results in a colnp]ete loss of ]Jha.se coherence) ,  the

registration process must be vm-y precise, It was dorlc here using a correlation algorithm.

l’hc peak in correlation of the signal intensity (and not  the cornp]ex  al[lplitude) was searched

within 16 pixc]s by 16 pixels windows  at various ima~c locations, irlterpo]ating  the results

to within 1/1 Oth of a pixel via Fourier transforms. ‘3Thc measured range and azimuth offsets

were  then flttcxl  to a plane, i.e. the offsets were modeled to vary lillcarly as a function of

pixel l)ositioli in the 2-d plane.

Near the tcrrninus  of the San Rafael Glacier, this simple tcc.hlliquc  failccl as the mis-

registration of the inlagm was also affected by the displa,cclrlerlt  of LIIV glacier, which  near the

terminus cxcceds OIIe  slant-range pixel per day.  g’here.  we applied tlIc  correlation algorith In

to a large l)urnber of points, fittirlg the results throup,  h a non-planar surface that accounts

for ]argcr pixel displacements ill the center-line of the glacier tharl on the s ide-margins .

With this i]nproved registratio~~,  wc obtained intcrfcromet,ric  friugcs for arl additional 2-k~n

scglncnt of the terminal valley where no fringes were ot)tained using tllc simple plane-fitting

technique. l’ringes could  however not he produced ill the last 2-kIII  segment precedi~g the

calving front. Several reasons may explain the lack of phase collemr~ce near t,he calving
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front.  l’irst, spaiial resolution is not sufficient at tllc IIlargills  to kce]) track of the very  large

transverse strain ra.tcs,  i.e. pllas~  v a l u e s  ch:LIIgc by mom  t]lan OIIC cycle  withi~l a single

pi xc]. Sccol)d, ice deformation is more severe, and rotation rates of ice blocks may exceed

the 1.3° calculated theoretical limit beyond which phase coherence is destroyed at 1,-band

lJasc(lo  Iltl~cS Il{,-CS Alt]]aral[lctersal  ~dtllcstu (lybyZcb  kelarl( ll'ill;lscl/or(  l992). ~’bird ,

surface melt is ]nore likely to alter the distribution of scatterers as the glacier icc reaches

sea-level and warmer air-t el[lpclatllrcs. J’ina]ly,  the @acier  is severely crevassed near the

terminus, with wide and extcllsivc crevasses running across (he entire glacier width. Over

crevasse troughs, the radar returns arc low - lwcausc of shadowitlg aIId close to the system

thermal noisclcvcl,  sophasc  noiseis high and phase rohcrence  is low. Over crevasse highs,

the radar rctmms arc bright but affcctcd by specular IMcctiolis on tile ]nultip]c facets of the

scracs and layover of the geometry of the facets, so phase coherence is likely  low tllerc too.

llcnce, trains of large c.revasscs  create large contiguol[s zones wllele p}Iasc noise is high.

l’hasc co}lcrcnce  (measured by the magnitude of tllc normalized cross-products) is shown

in l“igure 6a for the pair combining the data, acquil ed on October 9 and  10, 1994 at l,-

band VV-polarization.  Phase coherence ;s very high  (> 0.95) ill tile l,aguna.  and in valley

;nteriors, high over the iceficld  (<0.75), mc)derate (<0.’1) ill arras of significant s u r f a c e

deformation (marginal shear zones), and Iow (< 0.2) over radar-dark areas (lagoo]]  waters,

surface lakes, river streams, and shadowed al eas), pronounced  ice deformation (iccfialls  near

(43,19) and (48,17), and shear margins), OT at very hig]l elcvatio])  ( at (46,20) in l’igure

2). Above a ccrtaill altitude, wc note a sharp dccreasc ill co r r e l a t i on  wh ich ,  compared

to hand-held photos taken by the astronauts owboard  the shuttle, compares well with a

transition fro]n  vegetated areas to snow-covered terl ain with no vegetation (Ilignot  et al.,

1996). Snow-covered bare areas are less correlated than vegetated areas. More iluportant]y,

the tral~sition between the icefielcl and the ]ocky  area is clearly visible as a sharp contrast

in phase coherence across the entire iccfield  because rocks arc more coherc]lt than glacier
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ice. ‘I’his is not trucin shadowed regions  wllcrclJhas~’cohc:rcllc.c  i~lowcron  roclis,  yct the

clisc.ol~til~llityill  pliasecohcrcn  ceisstill detectable.  FOI colliparison, (lIC ice margin is difficult

to iclcntify in the radar amplitude images since rock and glacier ic.c have sinii]ar radar

backscatter (1+’igurc 2), and clifiicu]t  to ident i fy frorll optical  ilna[~,ery since snow-co~’crcd

areas and ice arc also not easily separated. ~’his exar[lplc suggest that phase cohcrcncc is a

powcrfu]  t o o ]  fordiscrimii]atillgbctw  ccn diffcreut tyI)cs  oflalld cc)vcr aJ)d in J~articu]ar  for

d<>tectil)g  t}leiccl}largill ofaniccficld.

‘J’l)c pl~ase of the cross-products is a real Ilulnbcr alnbiguous]y wrapped between O and

27r that needs to be unwrapped to  be convcltcd into an abso]utc p]lasc.  go u n w r a p  t h e

phase values, wc used the algorithm dcvelo]jcd  by (ioldstein  cl al. (1988), which worked

WCI1  in noise-free areas, but failed in areas of high phase noise, resulting in data gaps - in

thcbcst case- orunwra])ping  errors-  in the worst, casc. Ull\vrtl~)]JiTlg  clrorsc  orlcs}Jollcic(l  to

blocks of contiguous pixels where phases wc]e  in crrc}r by a lnultilllc of 27 compared to the

surrounding ~)hascvalucs. g’llese crrorswcrc ]nalltlall} corrected th~ouf;h  a tedious and  timc-

COJISIJlllillg  l)rOCc%S. ])ataga.ps cou]dnot  bccorrcc.ted or fi]lc(l i~Lbc!callset  ]~cyco]lcsl)ol~  dcc]

to areas where radar imaging is ]imited. Such was the case  of mountain ranges where

surfiice slopes exceeded the incidence angle of the ra(la,r illulllillatio]l, resulting in shadowed

regions (s]opcs away  from the radar looking directioli ) of low sig]la]- to-])oisc  ratio, or layover

regions (S1OI)CS  facing the radar illumination) where radar rarlp, ing was am biguolls. Open

water areas allcl crevasse troughs also yielded low c,ollcrc]lce levels t)ecausc  of low signal-to-

noise ratios (radar dark). l’hascs were  however succ(wsful]y  unw~ra])])cd over the most part

of the iccficld.

Once the phases were  unwrapped, we cstiJnatcd t hc baseline paranlctcrs. As the shuttle

ephcJnmis data, were IIot kJlowJl with the required degree of prccisioJl  (< 1 Jn), t]le  basc]i  Jle
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had to be estimated from the data. ‘1’he phase difference bci,wccn  antenna 1 and 2 is

(1)

whcm A is the radar wavclcn~t,h,  B21 i s  t he  basc]in[ scparat,ioJI  Ijrtwccm a n t e n n a  2  a n d  1 ,

(Figure  3) ,  a21 is the baseline angle with, horizontal, 62 is the dc])msion  angle (a function ‘

of the surface topography z), VT is the motion vectol of ice in the line-of-sight of the radar

(1’igure  4), 6t21 is the time lag between the two images, and q’)~l is the ahsolutc  oflse.t in

phase .  ~’he angle (?Z is related to the slant-range (Iistancc r, tllc radar altitude lf, the

surface c]cvation z, and the earth’s radius of curvature Tto (at nadir) and rtl (at tllc image

ce]lter) by

P + (1/  + ?%)y’ – (?i] + 2)2
sin 02 = ————. —-— —.. .

2 r (}1 + ?’t”)
(2)

As both IIzl and a21 varied along-track as successive paths of tile s])acecraft were  not paral-

lel, wc estimated 5 baseline parameters from the da.t:,: B21, CYzl , their along-track gradients

01J21/Oy  ancl 6’Q21/ily,  and the absolute phase offset, q5~l. l’or reference, T == 277.5  km,

11 == 215.3  km,  rto = 6367.40 km,  Ttl = 6367.42 km, and 0, averaged 43°.

A few control points of known elevation were s~lected  frol~l  tllc topographic ]naps of

the Northern ]’atagonia lceficld  published ill 1982 b~ the Instituto Gcographico  Militar, in

Chile, at a 1:50,000 scale, based on 1974-75 aerial pllotograll-llrlctric mapping. The precision

of the ]nappccl  surface clcvatio~l  is unknown , allcl the ice!-cc)vcrccl area is co][~plete]y  blank

due to the wllite~~ess or the surface and  the abscncc of image contlast in the aerial photos.

W C picked 50 tic-points outside of the iceficld  that could  be identified in the radar images

and for which phase coherence was high. As none of those control points were  on glacicr-

icc, 1{. == O in l;q. (l). ‘J’he nleasured plIasQs  and i])lagc  positions of the 50 control points

were  then used to SOIVC for a system of 50 non-l  illeal  equations wit h 5 unkl[owns  using tl~c

l,evcl~bcrg-Milrcllla,rclt  lnethod (Numerical lkci~jcs, 1989).  Altlic,ugh  a s)naller nun~ber  o f

control points would have bwmi sum]cient  to estimate the basclillc parameters, using a larger
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numlmr of points  further the estimation noise. The baseline resu]ts

S u r f a c e  T o p o g r a p h y  a n d  I c e  m o t i o n

Using the estimated baseline parameters in Table 1, wc flattcnw]

rcl~loved  the pha,se  values corresponding to the inlap,illg  of a curv(Id

arc shown ill I’able 1.

tllc intcrferograms,  i.e.

l;arth as

421,jl”t  = :- [ 1]2, ( Cos (CY2, + 6,) - Cos (q, + 00)  ) -} V. /it2, ] (3)

wllerc (lo is the d e p r e s s i o n  angle for  f la t  terraill (2 = O in  lk]. (2)), and fiOZ == OZ – 00

is suflicielltly slnal] that sin dl?Z % do,. l’llc advantage of Ielnovillg the flat phase is that

l;quation (3) becomes a linear function of

lincarizcxl  equations is obtainc’d

with two unknowns, VT and 60Z. q’hc time

surface elevation, z, was deduced froln  60.

6[)2. Wit]]  a second  ilna~e ])air,  a systeln o f  t w o

si71 (q -1 (90)  +  v, 15[J1]

sin (o~3 -/ C90) +- V ’r  ti/~:i]

interval 61~1 =: --titz:+ was equal to one day. ‘J’he

using

—-—-——

(4)

.= @+( rio ~- }1)2 - 2 r (11 + rfo) sill O. -- rtl (5)

‘lo solve for l}quation (4), two lnethods  were possible. One method was  to solve altcr~lativcly

for VT and 619Z by mult iplying the equat ions by tlI{I appropri;ite  constants  a~ld linearly

combined the equations. We selected another mcth(  )d which  I a!ics advantage of the fact

that phases arc a hundred times more sensitive to velocity than to topography (lk]. ( 1 ) and

(2)). I’irst, we solved for &f?z through a linear combination of tl~c t~vo equations in lquation

(4) and reported  t h e

than if tllcy had beml

diflcrellcing of ilna.gc

result into the first equation. ‘J’}lcsc 60,, Viii UCS were twice IIoisicr

obtained from a sing]c  ilnagc p:lir because t]lcy  resu]tcd froln double

pairs with similar but indcpeli(lent phase noise. ‘J’hc first equation

was thmi solved for Vr, but since ])hascs  arc a hulldrt’d  tilnes less sensitive to to~)og,ra])lly
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than to velocity the solution was not affected by tlLe noise oftd. and only depended on

the phase noise of the first inlagc pair. Wctlicn forced  V, tobc 7cIoovcr  non-icx areas, to

eliminate noise over those areas, reported the results into tllc fi]st  equation and solved this

tilllcfor tllcto]logra~)}  lytcr]ll 15t?Z. l’hc resulting values have a noise term equivalent to that

of single differencing  of the data. In addition, this nltthod helped us vc’rify  that the baseline

paralncters  were correctly estimated by comparing the two ty])es  of solution. Any error in

onc or both of tile basc]inc parameters would have created distorlious  of the velocity field

that would have been easy to detect. Comparing of the two soluiiolls dmnonstratcd  that

the base]inc ])armneters were  known very accurately and that I,lic residual errors had no

influence on the il~terferoll~ctlic.  products.

‘J’hc surfiacc  elevation and  ice motion data were iiua]ly  rc-sam l~lcd from slaut-range ge-

olllctry (the natural vicwi]lg  geometry of tile radar) to grouncl-ra]lgc  geometry (nlorc  ap

propriatcfor  georcfcrcncing  theclata). q’he process depends on bot]l  the range distance to

the radar and the surface elevation of each point. licsampling  startecl from points further

awa$y  froln the radar along cacll  range line, avoiding areas with no IlcigI\t  information, ancl

linearly interpolating ill between positions for whic]l a slant-rallgc pixel  fell directly into a

ground-range pixel. Figure 5a shows the resulting false color colllposite image of the terrain

topography,  wllcre huc and saturation are proporti(  )na] to terrai II height, and intensity is

])roportional  to radar brightness at 1,-band. l’igurc 5b is a false color com])osite image of

the surface lllotion ill the radar looking direction (i. (:. oue  coInlJolIeIIt  of ice velocity o]lly),

where intensity is proportional to radar brigl~tncss  and color is pro]) ortional to ice velocity.

Vcloc.ity  is zero in non-glacier areas,

RESUI:l’S AN]] D I S C U S S 1 O N

L-lmncl v s  C - b a n d  Interferornetry

IIltcrfcrogralns  ge~lcratcd  at C-ba]ld  we re  nluch  ]Ioisier  tha]l at l-baud and did not yield

useful glacio]ogic.al  products. ‘1’hc phase c.ollercnce  of the C-band data acquired o]] Octobcr
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9 and 10 is shown in I’igurc 6b for reference. Othel C-band illt(:lfc’rolllct]ic  pairs yielded

c.olllparable or lower cohcrcnce levels than those shown in l’igurc 61).

Coherence level s are expected to be lowerat C-band than at l,baIId for several reasons.

One reason is that errors in pointing angle of tllc ]adar  a[lte])nii  reduce phase coherence

lnore significantly as the radar frequclicy increases. ‘1’he along-track beamwidth  of a radar

antenna, which defines the zone over  which radar sig)nals  m-c collere]Itly detected, decreases

in size with increasing frequcllcy.  }“or SIR-C, the a]lle]lna alojlp,-l]ac.k  beamwidth  was 0.2°

at C-band and 0.88°  at 1,-band (wavelength ratio). 1 Ielice,  tile sallle error in pointing arlgle

of the C- and 1,-band antennas resulted in a larger fraction of ilicollcrellt signals between

the two data takes at C-band than it did at 1,-band. ilL fact 4.3 tilllcs larger.

Wc estilnated the reduction in phase c.ohcrcmc.c  (If ilnagc ])airs  frofn pointing errors by

calculating tlie pointing angle of the antennas during successive ]msses.  l)ointi[lg angles

scaled by the wavelength corrmpond  to dopl)lcr frcqucncim  in S/11/ processing.  l)opplcr

frequencies are typically cstinlated very  precisely, here within 10-2011 z or an equivalent of

0 .002-0.004°.  l~ach data signal corresponds to a ba~ldwicltll-liltlil[’d  signal centered at the

doppler fmqucncy,  with an along-track bandwidth [qua] to 95011  z at both frequencies in

the case of SIR-C.  ‘1’he  doppler  frequency at C-ban(l  is 4.3 tilnes the doppler  frequency  at

1,-band (wavelength rat io) .  Since the S111{ signals are ballclwidtli-lilllitc(l, the reduction

in phase coherence is simply calculated as the difference in doppler  frcquerlcies divided by

the l)arldwidth. The results, shown in ‘1’able 2, indicate a reduction of common bandwidth

of 2 to 9% at 1,-bancl compared to  9  to 38(% at C-l)ancl. A further reduction in common

barldwidth  resulted from the fact that the two images forming a pair were proccsscd at

tllc same dopp]er  frequency but not exactly at the average of tile dopl)lcr frequencies from

each data take. As a result, C-band coherence of otle  of tllc p:iirs  was further reduced by

2 0 ’ % .  l’or tllc other ])air,  no further reduction irl cotlerellcc resultrd  fmIn  the nomoptirnal

selection of the processor doppler  frequency. q’he difrerencc irl poi~li, ing angle was therefore
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not sufficient to justify the observed lower  collercncc levels whic}l CaIIIIOt  lx: duc to system

or processing effects and must bc attributed tc) surface eflccts.

Onc surface effect is that C-band phases vary 4.3 t imcs (wavclctIgth ratio) more rapidly

than ],-band phases for the same surface displaccmcllt. Spatial resolution being the same

at the two frcqucncics, interfcromctric  fringes “collapse” (which lnca]is  phases vary  by more

than onc cycle within a sing]c  pixel) at C-band at lower rates of icc motion than at lj-

band. C-band intcrfcromct,ric  fringes arc naturally more rapidly destroyed in areas of high

strain rates. l’or illustration, we multiplied tile 1,-baucl  phasm by tllc wavelength ratio a]ld

olxwvcd  that, all fringes at the side-margins of the Sail llafael Glac;cr  collapsed. As a result,

phase cohercnc.c  will always be lower at C-band  than at IJ-ba[ld ill i]rc~s  of high  strain rates.

A second surface cflcct, probably the most significant ill this case, is the diff’crcncc in

IIaturc of the scat tercrs at the two frequencies. Radar pcnct ration incrcascs with the radar

wavelength, and radar signals interact prcfcrab] y wit h objects co~lll)arablc  in size to tllc

radar wavelength. Over the lagoon, where a dense temperate rail] forest develops, C-band

signals arc likely scattered by the upper and t}linnel  trcr branc}lcs  and twigs of the forest

canopy, wllcrcas 1,- ba.nd signals seem to return mostly from the gIound via double-bounce

interactions of the radar signals on the tree-trunks (I{ignot, 1’; ., 199~),  ]’rom wind  il~flucncc

(known to bc strolig in that region), tree branches will be randonll  y agitated, destroying

C-bancl  cohcrcncc  from one  day to the next, whil( lcavirlg l,-ba JId s i g n a l s  u n d i s t u r b e d .

A decrea.sc  of the cohcrcncc ICVC1  of the vc@ation is therefore rxpectecl as frequency im

creases. Silni]arly, over t,hc iceficld, 1,-band returns aTc expcctcd to COIIIC from CICCIJ layers of

snow/flrn  arid ic.c and to bc weakly affcctcd  by volul[lc  scattering f~oln the fresh SI)OW .g~ains

in the upper layers of the snow pack. C-bmld siglla]s  should inl.tract with the upper fcw

ccmtimctcrs of snow, cspcc.ially  in l’atagonia  wllcre the snow lvater c.ontcnt  is high passed

a vcnccrm]  layer of fresh snow (Yamada, 19S7),  and the large SIIOW grains should cfl]ciently

scatter  the C-band radar sip;nal. Short-tcv  111 e]~vilol~]~~c~lt:~l cbaJlgcs  arc henceforth more
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likely to affect the C-bancl  radar re turns  fro]n the surface I,lla]l  I,llc lj-band r a d a r  r e t u r n s

fro]ndecpcrfirn  and ic.c(icc isa]llorc stafl)le l[le(lil]]ll tllansnowalld  firn).

In summary, the 1,- and C-band comparison suggests that ],- batid systems may offer a

grcatcrtcl]lporal  stability ofraclars  ignalsovcl  glacial terrain aIld l)cttt’rc  .lla]lccso fs(lcccssful

repea t - t r ack  SAll intcrferomctry.  In acldition, IJ-ballcl signals IIlollitor larger strain rates

and pcrlnit tllc detection of strain rates in clecper  fi]n. l)ctcction of strain rates at depth

is more relevant  because clecp fir-n al)d ice arc mole likely  to transmit  the deep glacier

stresses cffm.tivcly  to the surface than the more deforlnab]c  rrpl)cr lncdium of snow and firn.

hlonitoring  of ice flow in deep  fir-n should also reflect changes ill icc discharge independent

of short-term fluctuations in accumulation (1’atcrsoll, 1982).
I

1

A n  i m p o r t a n t  q u e s t i o n  rc]nains: to kno~(  a t  which depth 1,-baiId signals interact  with

.,’
the firm and how : penetration v.irics  with different physical ~jro])crtics  of the snow and firn.

l)ctailccl comparisons bctwccn SAR-clcritrcd  elcwtiolis, actual SUI  face elevations and snow

strati gra~)hy studies arc required to answer that qrrmtion. Such an ilivwitigatioll is currently

underway in Greenland (Mgnot  and ]Iilldschadlcrj linprrblishcd  floe.ulncnt, 1995),  but no

equivalent cfrort is envisioned in Pa.tagonia,  It is likely that the results will be diflcrcnt in a

region where both snow/firn and ice are characterized by warir]cl tcnipcraturcs (the mean

air tclnpcraturc is -6° C at 1290 m, even in the cold(,st  n~olrtlls (Yamada, 1987)), meaning

a larger sllow/firll water  content , rnc)rc attcnuatio)l o f  t h e  radar sig~lals,  a n d  a  greater

rcc]uction of their penetration depth. According to Yan~ada  (1!)S7),  the mean min imum

a n d  lnaximum water  content of the upl)cr wet firm layer in the acculrlulation  area of the

San l{a.fiacl Glacier was 4 to 8% to a depth of 19.6 III . IJsing  the lrlixing  formula of hJ5tzlcr

(1987)

( := (’ -1 (“ =Q-+23 *W/(1- if/fO) (6)

where J,, is tllc relaxation frequency of wet  Sliow (10 G][z) and cd is the dielectric constant
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of dry snow, wc cxsti]nated  the penetratio]t  depth, d7,, using

Cl p = ( A fit’)) / (? ?r 6“) (7)

with a snow density of 500 kg m- 3  (1’alnada, 1 9 8 7 )  a n d  ~d =- 1.97 (Mii,z]cr,  1987).  W e

found d], varying between 39 cm to 22 cm at C-band and 58 cm to 33 cln at 1,-band when W

varied fron]  4% to 8Y0. Hence, even at 1,-band, radar signals arc unlike] y to penetrate much

deeper than probably 1 m in wet snow arms, which is smaller thall the surface clel’ation

noise (see below). Over bare ice, the penctratjon de])t,h may be ~lcater because the water

content is close to 070 (Yalnafla,  1987).  11’or  ilnpure ;ce at -5° C , Nlitzler repori,cd  c“ of the

order of 0.015 bctweeu  1,- ar~d C-band, corresponding to a penetratio~l depth of, respectively,

10 m to 60 m at C- and 1,-band. Ice temperature will however be lower in the ablation area

which lays at clevat; on < 1000 m with average air~l emperature > O“C even in the colder

montl)s (Inoue et a l . , 1987). Even a veneered layer of melted ice or large amounts of ice

ill~puritics carried by the glacier should suffice  to clrastically rcducc ~Jcllet,ration  of the radar

signals into bare ice compared to tlie abovclllentioll{~d  estilllatcs. As a result, tile bias jn
,

surface elevation is again likely slnal]er than the r.m. s. noise in sul”face  elevatio~l  (= 10 m)

arlcl the bias ;n surface slope should be negligible.

Surface  ‘1’opograp}ly.

‘1’he baseline value for the 157.8/1 73.8 pair was ten tilnm larger than for the other

pair, but tllc component of the baseline that is pe] pendicu]ar  to the line of sight of the

radar ,  11 s;n ( Oz + a ), which is the only one that,  l~latters fol dctc’rlninillg  tllc p rec i s ion

in topographic heig]lt of the interferometry  results, was si~[lilar for both ilnagc pairs and

roughly equal to 40 In. ‘1’his short value of the perpendicular basclillo j]nplied that the

calculated height-to-phase noise ratio was 80 m/radians based orl the forlnula in Zebker

and Villascllor (1992)  relat;llg llcighl,  noise to phase nojsc. Phase noise is dcterlnined  by

the signal-to-noise ratio, here equal to 13 d]) on a~eragc:  over  ttlc F;lac;er,  resulting in a
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phase noise of 0.2 radians. q’hc height noise was thcleforc 18 In, furt, hcr rccluccd  by 3 by 3

Inultilooking  to 6 m.

W C verified these calculations by estimating the r.n) .s noise level of tlic topographic

height on various parts of the glacier of moderate inclination. W C obtained a conservative

estimate of the heig}~t noise equal to 10 m, consistent with the al){)ve calculated precision.

Avcragingofpixe]s  overlarge areas will accorcliligly{l  ecreasc t}leelror by afactorsc~lsib]y

equivalent to tile square root of the nulnbcrof  average<] clcmcr)ts. ‘1’llccrl(~rsl)olll(l  tlleref’orc

clecrcase  to only 1 n] over a 10 by 10 pixel  area here correspond  ilig, to 156 m by 156 ]t) surface

Clcmcnts.

No surface  topography inforlnation  had prcvious]y been  obtaillcd cwer Lllat part, of the

iccficld. As the San ILafac] Glacier has been thinning (dramatically at a rate of about 10 nl/a.

in tllc 1980’s (e.g. AniyaJ  1988)> the SA1{-clerived tol)ographic rna~) is of sufficient accuracy

to serve as a reference for monitoring long-term futu] c mass challgcs of the iccfield.

‘1’hc iliferrcd glacier topography is also ilnmediatcly  useful  fol cstirnating  the surface

slopes colltrol]ing glacial flow. As a rough figure, SU1 face slope obt  aincd

fitting and smoothing of the surface topography ov(r 6 ice thick rlcssm

from polynomial

was found to be

constant at 3.5° at high elevation, increasing rapidly 5 km before  the s]lout to reach 7.5°

at the tcrlninus (surface elevat ion was extrapolated l~etwcel~ the ]owcr portion  of the in-

tcrferogram  and tllc calving front assuming a calving front at 70 m above mea]l-sea-level ).

Surface slopes arc discussed in more details ill the for{c-budgcl sectiol~.

Aniya (1 988)  estimated the III, A (Ilquiliblium  ],in{’ Altitude) of the San Rafael Glacier

at 1200 m from remote scnsilig data.. We did not find ally  cvidcmce  for changes ill scattering

behavior of the iccficld  at that elevation in the radar {Iata,  C;ol~l])lcl]~clltary  SIIL-C  data of

the cclltral part of the iccfield  however revealed a marked transition in radar backscattcr at

about 1300 m elevation, one kilcmleter beyond  the edg{: of the

et al., 1996). ‘J’he brighter signal below  that boundary was at
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radar signals with bare, rough and  deformed ice, while the darker returns from the higher

elevations probab]  y resulted from interactions with a smooth, ulld~forlned  (the central part

of the iccficlcl is flatter) surface of wet snow and fil n. ‘1’hc observed transition iu radar

backscattcr therefore occurred near the expected ltl,}~ but scen]cd  ]nore  related to icc flow

dynamics than to a transition in physical properties (If the sltcrw a]ld firn.

Ice Motion.

IIascd on the r.m.s. noise of the velocity data, we rstima,tcd that thr lnSAl{ vc]ocitics of

tllc San l{afacl  Glacier were kJIown  within 5 lnnl/d o] 2 n)/a. ‘J’llc calculated velocity noise

is equal to (A/4n)  times the phase noise, therefore. 3.X mm when phase noise is 0.2 radians.

Our above estimate of velocity noise from the data is tllcrcfore collsrrvativc. l’or comparison,

estimates of glacial lnotion derived from feature tra( king of crcva  ~scs in the lower rcachcs

of the San  ILafael GIacicr  are only known to within I m / d .

A number of striking features appear in tile velocity map of l~i,gurc ,5b. l{’irst, the data

reveal the prescncc  of an icc stream in the celltcr portion of tllc San ltafac! Glacier, manifest

by an area of fast ice motion surrounded by slower IIloving  ice an(l not by rock. Onc  could

argue that the icc stream is surrounded by several nunateks  and is therefore not strickly

speaking an icc strcaln, but tllc flow lines of the ,gIacior  visible ill tllc sl[uttle photos indicate

that the fast portion of the glacier is still active in tile central Imrt  of tile icefield  (Rignot et

a]., 1996)  arid is JIO longer surrounded by nunateks,  therefore assilni]ablc to an icc stream.

At the margil~s,  icc speed is not zero and icc is seen flowing ilito tllc strcaJny part of the

glacier (purp]c color indicates motion away from tile radar), frcdi  ng it from the intcrsidc

mountain ridges, e.g. on the eastern of the glaciw (at (31 ,17) aJld (28,15) in l’igurc 2).

Scco])d,  the g]acier SCCJJ)S  to ma in ta in  i t s  sped dcJwnslolJe ulitil the last fcw ki]oJnctcrs

of glacial flow where ice velocity suddenly inc.rcascs  dra][latically. ‘]’hc large increase in

sl)ccd  occurs as the g]acicr enters the narrow tcrlllina] valley in a ])attcrn of colnpressivc

ffow consistent with maintaillance  of ice discbargc into the progl[ssivc]y  narrower ice flow.



Jlnally, over  the most part of I,lIc jcc stream, the decrease jn ice vrlocity is most pronounced

at the shear margins and  occurs over very short djstanceso

ICC velocities

‘1’he velocity of

does not exceed

of other outlet glaciers arc much less than that for the San I{afael  Glacier.

the Gualas Glacier, for irlsta,nce,  is largest at th~ higher elevat ions,  but

1 m/d, cvc~though the glacier slcpe exceeds i’” ort average (Aniya,  1988).

Ice velocity decreases downflow to only several cn)/d at its ternlillus, as is expected for

an ablation glacier. l~low s})ccd and flow evolution al c com})aral)lc  for the Ilcicher Glacier.

l]oth glaciers are connected to the central iccficld  throug}]  a series of icc falls, mauifest in the

radar data by a local loss of phase coherence, bright radar returns fro]n a highly deformed

surface, and a drop in SAR-clcrived  elevatio]ls betwefll tile tolJ and bottom portions of the

suspected ice falls.

‘1’he lnSAll velocities in l’igurc 5b provid(,  only o]ic componc]lt of horizontal motion. ‘1’0

get a fu]] t]~rc?c-c]il~lellsjc)llal  dcscrjptiolL  of t]lc velocity field,  two additional ilitcrferolnctric

pairs  acquired at two diffcrcllt track angles would he Iicccssary.  If ice flow is assumed

parallel to the ice surface, only  one additional pair acquired at a different track angle

is required jnstcad of two. If, jn addition, flow dil ection is kILO\YII a-prim-i  or  assumed,

then no additional intcrfcrometrjc  pairs arc needed. in t,hc ])resc?it case, ice flows almost

l)crpcndicular  to the flight track, which is tllc opti]nu]n configuration to detect principal

icc motion in the radar looking directjon, aIId flow djrec.tioll  nlay hc assulncd paral lel  to

the ic.c stream :nargins  as is usually the case for a valley glacier. lVe digitized the location

of the boundary of the fast portion of the ~,lacicr,  computed direction vectors alc)ng those

bounc]arics, and interpo]atccl  the results in between the margins of st rcamy flow using 2-d

cubic splines. ‘l’he assumption of parallel flow should also be apl)lic.able since a ~naximum

thinning rate of the glacier of 10 m/a yields a vertical co]nponc]it of Inotjoll of less  than

2,7 cnl/d  whereas horizontal displacements jn the center li]lc  of tlic San Rafael Glacjcr  excccd

250 cIn/cl, i.e. a hundred times larger. ‘J’hc In SAl{.  velocities, VT, }vere thus converted into
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ic.c velocities parallel to the surf lace, U, using (Figure ,1)

G’ = Iz. / [ COS @ COS @ sin 9~ – sin ~~ ~OS fl~) (8)

where the surface slope /? is counted positjve downuarcls  and obtained from the surface

t,opofqaphy  data. ‘1’he  local incidcmce  angle Oi is

(9)

As surface S1OI)C  was typically small, tlIe  conversion factor in l;quation  (8)  is Inostly deter-

mined by the value of the product cos ~) sin Oz. ‘1’he lcsulting horizonta]  velocity (IJigurc  7)

varies from 2.6 In/et  near the l;l, A to > 12 m/cl in t lie lower  rcaclies of the glacier. “Near

the calving front, wc obtained estimates of horiz,onta]  ]notion by tracliilig crcvasscs hetwecn

rcgistcrcd

that used

17.5 m / d

pairs of SAI{. amplitude images, using a cross-c(~rl{~lat,ic)~) tcchniquc sjmilar to

to register the complex amplitude images. We fc)und that icc velocity reaches

a fcw hundred meters from the calving front. ‘J’hcsc results confirm previous

estimates of t,hc enormous terminal velocity of tllc %11 ILafzacl Glacier (NTarusc,  1985).  ‘J’hey

also reveal that the fast moticjn  of the San ILafacl Glacier is limited oxily to the 5-knl  long

terminal valley. l’lsmvherc, ice velocity is quite large compared to that of other tcmpcratc

glaciers, yet much less than the velocjty at the cal)ring  front. ‘J’IIc ]nost striking feature

rcnnains  the enormous increase in speed at 5 km which nlailltains  throughout. the terminal

valley. A similar pattern sccIns  to exist on the COIU mbia (;lacicl, Alaska (Krimmcl, 1992,

l’ig. 10, p. 14) where velocity increases fronl  3 n~/d to greater thii]l  10 nl/d in about 7 km.

q’he longitudinal stretching of the glac.icr  is less than for the Sal) l{afacl  G]acicr and the

transition is less spectacular, yet this flow bchavio]  could  he a ftilldalncIltal characteris t ic

of tidewater glaciers.

Ice l’hickness

A transverse profile of the velocity near the 1~1, A (1200  JII),  from (x,y) == (22.99,30.99) to

(27.1 5.30.21 ) in l’igure 2, is shown in l’igure 8. ‘1’hc  average velocity across t]lc 4.6 kJn wjdth
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of the strcanly part of tlte glacier is 2.17 m/d. g’o jn~m icc thicknms from the velocity, we

USCCI a combjned model of velocity due to basal slicli]lg wld velocity duo to internal plastic

deformation of the ice (e.g. l’astook et al., 1995).  The conlponmIl  of motjon due to internal

deformation is

whe~e  Td is ~]lc! d~jvi]l~  s~ress, A js the column averaged flow constant  for an jce column

of thickness h, p = 900” kg’ 7r1-”3 js the jce dens i t y ,  and  g = 9.8 ?i~ S- -2  is tile acc.eleratioll

of gravity. I“or sliding, the general relationship for bocls at t}re melti]tg point developed by

Wecrt]nan (1964) is

u, == [y] (11)

where 11 includes bed roughness and m is a viscc)-plastic paranlelcr for sliding temperate

basal ice. ‘1’hc cc)llll~ll~-averagecl  ice velocity js then a combination of the two models

w h e r e  j is tile fraction of

used A = 200 kPa al/7’ as

Wecrtman, 1 973) ancl 7L =

U= fug+ (l-- f)u, (12)

veloci ty due to sliding, taking wilues  between O and 1. Wc

this va;ue is reasonable for temperate glaciers (lIoolie, 1981;

3. l’or sliding, we used 11 == 4 kl’a a’/”L and 7n = 2 (1’astook

CL al., 1 9 9 5 ) . ‘J’he results suggested that internal deformatic)~l  alollc (j =- O) could not

explain the observed velocities as the resulting thichness of 560 In would yield a clriving

stress of 305 kl’a, which is extremely large and unlik{’]y  (1’aterson, 1 981). Conversely, pure

basal slicling  (j =: 1 ) yielded an ice thickness of 230 In, probably LIllclell)rcclictecl, and pure

basal sliding is unlikely to dominate in the acc.umulat  ion arwa c)f a glacier. More reasonable

results were  obtained with j : 0.3. q’hc est imated ]rlaxin~ulll  icc tllick[less was }L = 385 ]n,

c o r r e s p o n d i n g  to a drjving stress rd = 210 kl’a at the center-lillc, decreasing towards
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the margins. g’he rcsuli,ing basaI velocities were equal to 84% of tllc surface values  along

the ccntcr-lil~c, which seems realistic given tlte rates {Jf sliding of ot her tcmpcratc glaciers

(1’atcrson, 1982, p. 71) and assuming that glacier sliding is cvcll  f[lore significa]lt for low

latitude l’ai,agonian  ice.

Multiplying the estimated glacier cross-section (assllming flat bottoln  a]ld vertical walls)

with the mean velocity along the transverse pIofilc yielded an icc flux of 1.4 kn13/a,  l~or conl-

parison,  summer calving fluxes were estimated by Warren (1 993)  to bc about 0.73 kn13/a,

and ice ablation was estimated to be of the sartle  ordcu of ma~;nitucle  by (Ihata ct al. (1 985).

‘1’he sum of ablation and calving is thcrwfore  about 1.5 km3/a in t}]e sulnmcr and the yearly

average should bc lower. N o  willtcr data on ablatic)ll  and calvin{~,  rates exist for the San

Rafac] Glacier. Calving and ablation combined together SW:JJ1 however to first order  to

balance icc discharge from the accumulation area.

A p p l i e d  to the elltirc acculnulation  area of the San ILafacl Glacier, tllc ice discharge

would balance accumulation if accumulation averagcxl  2.4 m/a over the entire icefie]d.  Ac-

cumulat ion was  3.54 m according to Yamada  (1 987 ) at 1290 nl elevation. q’his value is

higher than the steady-state average accumulation b~lt this is a rcasonab]c  result since the

drilling site used by Yamada laid directly in the path of the westcr]ics from the Pacific,

unprotected by high mountail[ walls, and therefore likely  exposed to l~iglicr-tl~al~-at~cragc

accumulation rates.

Estimating ice discharge at lower e]evatiolls wou]d have been a J])oIe difficult exercise for

the San  Rafael Glacier because basal sliding is likely 10 dominate slid 11 is not a well-krlown

parameter .  III addition, intense glacier crevassing ])robably reduces the JIlcan density of

icc to arl unknown much lower value since tile glacier is heavily cwvassed near the calving

front, with large and widely spaced crcvasscs.

Force Balance

An important advantage of the IrlSAll technique is to provide naturally gridded vc-
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locitics, and more importantly to obtain  direct observations of diff’wmtial iccmotion, j.c.

strain rai,cs. S t r a in  rates arc more rclcwant  - and rnc]rcdific.ult tomeasurcin  the field or

to c.alculatc from point mcasurwment velocities - to g,lac.ier studies that absolute velocities

because they arc ncccssary to interpret borehole  dcfol rnation ( l’aterson, 1982),  hut also be-

cause they dircct]y intervene in the force-budget of tllc glacier as straili rates arc related to

dcviatorjc  and then resistive stresses through the floNr law of ice. ]lere, wc used the lnSAll

velocities corrcctccl for flow direction to estinla,tc tll<, strain rates, slid thereon calculated

the sl,rcsscs  acting on tllc glacier. 11’he x- and  y-con) ponents of t}le t’elocity were obtained

from lflq. (8) using

(13)

q’hc longitudinal and transverse components of the velocity were  deducd  as

where  #JC.Ttt  is the average flow direction computc{l  along the celltcr-line, which def ines

the clircc.tion  of the longitudinal axis, 1,. Surface stl ain rates wew colnputcd  using cclltral

cl i frcrcn  c.i ng as

(15)

where the last equation expresses the conservation of ice volume. arid iZI, =- tzy’ == 0.

‘J’hc cffcc.tivc  strain-rate, {,, shown ill F’igurc 9, is ten tjmes IaJ-gcr  near tl)e  nlargin than

in the center and is dominated by lateral shear. ‘[’his meaus that ice is softening at the
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margins of tl]e ice stream, resulting ill a decoupling of the icc strcaln from the rest of tllc

glac.icr  ice, I,llcrcby  maintaining rapid flow. Along tllc ccntcr-li Jle ie is 0.15 a–] at 1200-nl

elevation, incrcwsing to 1 a–] in the 2.5-km wide  au(] 5-knl  long tcrll)iual valley. g’his large

longitudinal gradient along the center-line is not dutI to lateral shear but to an increase in

longitudinal stretching of the glacier in the tcr~ninal  valley where nlore rapid flow develops.

q’hc surface straili rates were in turn used to calculate the dcviatoric  and thcvl resistive

strmscs acting on the glacier following  Van dcr Vecn and Whillafis ( 1989).  ]’;xprcssed  in

tcrn]s of strain rates, the resistive stresses are

‘1’he  results are shown in l“igure  10. ~’hc normal strtxses, 111,], aII(l R17, show m u c h  m o r e

va]’iability t,]lan the shear stress, ]~1,71. The shear strt?ss vari~s  r(’la(ive]y  unifornl]~ b(?twc~n

-1,50 kl’a, and +-150 kl’a across the glacier width, corl csponding tcI a Ilearly  constant lateral

drag of 150 kl’a. Considering that the width of tllc ice stream (1,6  km) is ]2 times its

calculated thickness (385 m), the total latcva]  drag :~pplied  on the edges  of the ice stream

lnust only rcprescvlt a small flaction  of the total resistive folcc on the ice stream. ‘J’he ratio

of the total lateral resistive force to total gravitational drivi]lg force is very low and also

inclependmlt of our calcu]atcd glacier thickness. We (ollcludc that tile margins do not play

a strong  role in the resistive control of the San l{afae]  Glacier. ‘1’llis results is in contrast

to active ice strcmlns  in Antarctica where resistive drag is equally ~Jartitioncd  between the

n~argins  and the bcd  (I;c.hclmeyer  et al., 1994)

],ongituclina] tension, ]il,l,, varies hetwcwll -250 k]’a  and -1250 kl’a above the tcrlninal

valley but rcachcs 300 k}’a in the terminal valley. ‘1’hc fcatu w tracking results suggcwt

longitudinal tension sliould remain high in the terminal valley sillcc  tllc longitudinal strain

rate rmllains > 1 a-”l (1’’i,gure  7). ‘1’he transverse stress, lt~~,,  shows similar spatial variations,
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yet typically less than 150 kPa in magnitude. I,ongit udinal tensioli therefo]e dominates the

horizontal stress regime, with large local variatic)ns. and very  hip;ll values in the terminal

valley.

‘1’o determine the pattern of basal friction, we us(’d the isot]lcrlnal block flow approach

of  Van der Veen and Whi]]ans (1989) ,  neg]ec.ting  bI idging  efrects. !l’he  longitudinal basal

drag, Tb,I, is estimated from the longitudinal driving Stress, r(~,~,, al(d the vertically-avel”agc:(l

gradients in longitudinal and transverse strmscs using the relatio[l

h 81(1,1, h alil,~’
Tb , I, ——

“ ‘ d ’ ”  +  y  ‘-8J. +  7 – m - ”
( 1 7 )

where h is the ice thickness, ancl l?I,I,  and 11’1,71 are ~crtically-a~’el-:ig(:d  stresses hcm  ChOSCII

equal to their value at the surface and abusively noted with tlIc  sarl]e  notation as for the

surface stresses. -y is a “fudge” factor between O and 1 that we i~ltroduced  to account for the

decrease in icc hardness with increasing cicIJth, ass[]ming  that strain rates remain dcptll-

indcpcndcnt.  -y could actually be a complicated fun(  tion of ice haldnms,  basal shear stress

and other strain rates in the icc column. Its value is

maintain depth-averaged gradients lower than their

unknown but lnust be less than onc to

v a l u e  at the surfiace.  With y = 1,  we

obtained largely negative basal drags in several places, an im])ossible  result. ‘1’he failure of

this calculation is due to the fact that surface gradients in horiz,o]ltal  stress arc nluch  larger

than depth-averaged gradients. q’o obtain positive basal drag, ~ IIeedcd to bc lower than

1 /2. ‘1’hc isothermal block  flow approach of Van cl{,r Veen and W’llillans  (1989) therefore

overestimates the depth-averaged gradients in horizonta]  st mss by a factor > 2.

]’ursuing  the calculation with 7 = 1/2, we colnputcd the d]ivillg stress usil)g  an ice

thickness varying linearly between 385 m

front (the lagoon waters near the calving

line and the icc clifr  is about 80 m above

a “triangular” window 3 ice thicknesses in size (1.2 km). “rl’riallgular”  here Incans that

at 1200 m elevation and 280 m at the calving

front ar( 200 m deep 011 average at the center

sea level  ). Surface S1O])CX  were  s]noothcd  using
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the a v e r a g i n g  cocfIi:ient was a dec.rcasing  linear fllnction of the distance to the center

point  where  smoothing  was performed. q’hc si~,e of the wil)do~v was selcctcd based on the

calculat ions by Kamh and l’;chelmeycr  (1 986),  in p:lrticu]ar their l(;q. (23) and (1 9) with

1/0 = 5  i n /d ,  h =385 ?II, Tb = 2]() k}’a, a n d  n = 3, which indica~r a ]ongitudina]  coup]ing

lcI@h of 1.2 km. ‘J’hc resulting maps of driving stress, lon,gitudilla]  gradients in longitudinal

tcllsion, and basal friction are shown in ]Figurc 11. ‘1’hc diflercnt co][lponcnts of l;quation

(17) arc con]],arcd i*i ]’igure  12 along the cm,ter-line of the glacier.

‘1’he transverse gradients in shear stress (not shown  in l’igure 11 ) arc typically much lower

tharl tl~c lo]lgitudinal  gradients in longitudinal stress and have therefore a second-order effect

on the rcsisti vc drag to ice flow. IIoth t,hc d~iving  stress and.  the longitudinal  gradients in

ltI,l, vary with a dominant I-2 km wavelength, equivalent to 3-4 icc thicknesses, Similar

variations in surface SIO])C  and driving stress have been observed OJ] many glaciers, with a

dominant wavclcnglh  of 3.3 t,imcs the ice thickness (1’iltcrson,  1982, ]). 167). lJpstrcanl  from

the t,crmina] valley, maximum gradients in A’l,l, usually coincicle  ~vitll a rapidly decreasing

driving stress, and large negative gradients correspond to areas of ra])idly  increasing driving

stress. ‘J’his  trcncl  is col)sistcnt with icc flowi]lg  over basal highs or areas of greater basal

friction where compressive flow  develops upstream frc,m the basal highs and extensive flow

takes place downstrca]fr from tllc basal highs (e.g. Whi]larls and Jczck, 1987),  p e r h a p s

enhanced by the fact that ice is softer in l’atagonia  than ill polar regions. Variations in

surfmc slope therefore explain the major features of the velocity l)attern and basal drag

i s  d o m i n a n t l y  colitro]]cd by t](c c]rivi]]g  s tress ,  yet  with a noll-llcgligib]c ~noc]u]atio~l  in

amplitude by longitudinal gradicnt,s in longitudinal st IWSS.

‘1’hc force-budget cha]lgcs  significantly in tllc terminal valley, or more prccise]y 5.1 km

from tile tcrlninus (tile terminal valley starts at 4.5 km) at the initiat,ioll of more rapid

f low.  ‘J’hc transition is marked by a rapid ixlcrcasc  ill longitudinal tcllsioll RI,l,, yielding

a ])ca.k in the 111,1,  gradicni  > 300 kPa (1’’igurc 11 ). A fcw hulidlcd meters  before that
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transition, t,lic driving  stress increases from 50 to 200 kl’a duc to aI] increase in surface

s101Jc. IIasal drag is > 300 kl’a, t,hc highest of the whole  profile. ‘1’llc other loca,tiolls  where

basal drag and l/,r,I, gradients are both large are at 8 km a[ld 9 kIIl  wllcre  a slow-~ noving

tributary glac.icrjoins  the main flow oft,he San  Rafael Glacierfro]ll  the south (1’igure2) in

an almost perpendicular direction. in thet,erjninal valley,  the lil,l, p;ra(lic~~ts  alcdo~~lilla~ltly

negative, further decreasing clownflow,  thereby indicating a stroll~er co~ll~tcr-balt~r~cil~g of

Lllc driving stress and much lcnvcr  levels of I)asal rcsi stance. ~’lie extrelna  in l?l,T, do IIot

coincide as clearly with cxtrenla, in driving stress. WC conclude that i~l that portion of the

flow the variations in surface slope do not fully explain the velocity pattern. Gradients

in longitudinal stress play a more significant role in balancing t)i(s~l  friction and driving

stress ,  and ba,sal  friction varies in a lnore co~nplicatml  fa.shioll t]lan indicated  f r o m  s u r f a c e

slopes. IIasal friction is 200 kl)a at sites separated by 1 km, lower  OJ) average than upstrcaln,

perhaps a result of enhanced basal sliding. ‘lJhe effect  of lateral dra~ is unc]car  because the

intcrfcromctry  data do not extend to the margins of the glacier where lateral drag is tile

largest. ‘l’he glacier width remains however sufficiently large c.ompa red to its thickness and

the driving stress is still sufficiently high that lateral drag probably still does not provide

strong rcsista,nce to glacier flow compared to basal d rag, alt]lougll the dif~mence  between

the two is probably clccreasing  downs]opc.

in summary, these first-order calculations, based on nlcasu~ctncllts at the surface of the

,gIacicr,  suggest that the initiation and maintainance (If rapid flo~v of the San llafael Glacier

is controlled by both longitudinal gradients in norrlial  stress and by the drivillg stress.

l,ongitudillal  gradients in normal stress are probably influcncml  l)y the gco]nctry  of the

glacier. q’he maintainancc of ice discharge through a llarrowcr  c,hall ])cI section (by almost a.

factor of 2) lnust partial] y explain the pattern of com ])ressivc  flow observed at tllc entrance

to the terminal valley. At the same location, surface slope also illcmases by several degrees,

indicating a coincident increase in driving stless. ‘l’h(se two factols must play a significant
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role in the initiation of fast flow.

A great unknown remains the role of water pressure at the bcxl. As for other tidewater

,g]acicrs,  sub-glacia]  water must play a central role  in I hc initiation and }~rogr~)ssion  of ra])id

flow, especially in the case of a low latitude glacier where surface lnelting is considerable.

A dccreasc in effective pressure at the bed has tremendous i]lfluellcc  on basal sliding and

has been identified as the prime cause for tllc rapid flow of tidewater glaciers (Mcicr and

Post, 1987). ],ong  term extensive studies of the Columbia Glacie], Alaska, (Kamb  cl, al.,

1994; Meicr et al., 1994) rece]ltly confirmed that hi~,h glacial flow is mainly duc  to rapid

basal sliding caused by high water pressure. As the p,lacicr  bed reaches sca-level elevation,

the e~cctive water pressure drops to zero, yielding high basal slidi]lg  velocities. Whether

IIigb basal water pressure fully explaills the spectac(ilar icc velocity ])attcrn c~hihitect  by

the San Rafael Glacier is unknown from the interfeioxnetry data. IT]- situ observations of

the glacier bed geometry, ice thickness, bed  concliti{m, and hycllological  variables  WOUIC1

c l ea r ly  hc]p  acldrcss  that issue. I’erhaps sub-glacial water is nat u rally cha]lncied  toward

the entrance to the terminal valley at the location where fast flow initiates, creating a

local increase in basal water pressure, fixed in space lJY the particular glacier bed geometry,

and triggering high basal sliding and rapid ice flow. Part of tllc Sa~l Rafael Glacier bed

COUICI  also reach sea-level at that location. 1 )etermi]ling where the glacier bed goes  below

sca-level WOUICI hc]p  estimate the decrease ill basal \vater pressure and prcc]ict  its effect  on

basal  s l iding.  Although SAIL interferomctry  data do not proviclc  any i]lforlnatioll about

tl[ese dcc]) l)roccsses crucial to the detailed understanding of fast flow lncchallisms,  they

clear]$y  i]idicatc in a unique and comprehensive fashion where 0]1 the San ltafacl Glacier

clctailcd field work shou]cl be conducted and w’here it should be ]nost cfrcctive and useful to

unclcrstancl the dynamics of its rapicl  flow better.

C O N C L U S 1 O N S

1,- bancl  SA 1{ interferometry  proviclcs  ,glaciological  parameters o]) a temporal and spatial
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scale unachievab]c  by any other means. ]n this study, wc delIlollstratcc] the retrieval of’

both surface topography and ice velocity over  a poorly unknown ]Jortion  of the Northern

l’atagonia lcefleld using pairs of SAl~ jmagcs collcctccl  by the S1l/-C/X-SAlt  i n s t rumen t .

‘1’hc  greater temporal stability of the 1,-band radar returns fro~n the iceficld  colnpared to

that obtained at C-band suggests that II-band  systems should be of greater and lnore reliable

usc to the glaciological community than C-band systems (t}~e success rate of which was 0/4

in this study against arl almost 4/4 for ],- band).  l-band signals slIould  also permit the

detect ion and monitor ing of  larger strain rates, at grcmter  dcpt]l, therefore less de])cndent

on cmvironmental  forcing and short-term fluctuations in snow acculnulation.  II;l{S-I SAlt js

currcnt]y  the only SAlt systmn that could be used to continue al)d complete tlic mapping

a n d  lnonitoring  of the l’ata~ollian lcdelds, I)ut it o])crates a C-band systcm.

q’hc i,opogra~)hic  information provided by the S11{ C/X-SA 1{ dollble difference technique

has a 10-m precision in height, which should be suf[icjent for lllollitorill,g  mass changm of

the iccficld  over  a pe-.iod  of scweral  yea r s . !I’hc detection of SU] face changes caused by ice

motion is far more accurate sillc.c its precision exceeds 5 mm/d, and strain rates arc obtained

directly from the lnSAIL  measurelnents.

‘i’lie  lnSA 1/, results of the San ILafa.el Glacier co)lfirmed  the very high ice velocity and

longitudinal stretching of this temperate, ticlewate~  glacier, but added a few IICJV key fea-

tures. ‘1’he data revealed the presence of an ice stream in tile c.enter part of the San Rafael

Glac.icr  that probably i]litiates very deep  inside its accurnulatjon area. Ice velocity is already

large at 1200 m elevation con)parect  to most tcmperittc ,glacicrs, t)ut  it increases even more

dramatically 5 km fro]n  the calving front as the glacier enters t,lic terminal valley. ‘J’his

increase in velocity could he a characteristic fcatur(: of tidewater glacier, although it may

t)c emphasized on tile San l{afacl  Glacier because of the l’atagolliall climatic conditions.

Calculated stresses acting  on the glacier reveal that the initiation of rapid flow is controlled

by longitudinal gradie]lt,s  in ]Lorlnal  stress and by ttlc driving stress as for other tidewater
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glaciers. More detailed measurements and complementary studies of tllc glacier conditions

below the su~facc  - guided by the SAIL intcrfcrollletry  data - arc IIowever  nccmsary to pro-

vide indispensable information on ice thick ]lcss, bet] geometry, bcd conditions, and basal

sliding to understand in a more complete fashion the transitio)i to strcan]y flow, its controls

and its long-term stability.
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Figure  1. Location ]nap of the study area with inset showing tile location the San liafacl

Glacier, Northern Patagonia lccfield, in Chile.

l’igurc 2. l’alsc-co]or composite image of tile San Jiafacl Glacier in slant-range gcolnetry
a c q u i r e d  by the Sll{,-C/X-SAl{,  instrumcwt on Octol)er 10, 1994. ‘1’he y-axis corresponds

to ‘Lhc azimuth (along-irack)  direction, the x-axis to the slant-range direction. Kilometer
units refer to t,hc (x,y) positions mentioned ill t,lle text. !l’he Silt-C/X-SAl{ instrument flew
from left to right, with near-range on top, looking to its right. ‘J’hc sccnc  corresponds to an
illuminated area about ,50 km x 33 km in size on the ground.

l’igure 3.  imaging gcolnctry  of the SAH i]ltcrfcrollleter dcfilling  the depression angle 0,
the basel ine angle a21,  the baseline clistancc 1)21, tllc l;arth radius of curvature at nadir ,

7’L0, and at the scene ccllter, Til, the a]titudc of the SA1{ platform 11, the surface elevation
z and the range distallcc r.

]“igUrc d. ~Jc!ometry  of inlagillg of the iCC flow, s]low’ing t}le vc]ocity component  measured
along tllc line-of-sight of the raclar (thick line), the slope ang]c  (~, tllc flow direction ~~, the
depression angle tlz, the local incidence angle 6Z, and the flow vector lJ (dotted thick line).

Figure  5. (a) Color-composite image of the surface topography of the l,aguna San Rafael,
Chile, in ground-range geometry. (b) Color-composite image of ice lnotion in the radar-
loc.king  direction. Ilnknown  topography resulting from low pllasc noise was filled  in by
bilinear interpolation wherever possible, i.e. for small regions ( 10-30 pixc]s  wiclc) or areas
of low surface slopes (terminus of the San Rafael Glacier). Ice Inot ioli away from the radar
direction (< - 6 cm per day) is colored pu]ple. I.ow ice lnotion (< + 6 cln per d a y )  i s
colored blue. l,argc ice lnotion toward the radar direction is color coded light t)luc (6 to 20
cm pcr day), green (20 to 45 cm pm day), yellow (45 to 85 CIII pel day), ora~lgc (85 to 180
cln pcr day), and red ( > 180 cm per day). Non-glacier areas arc re])rescnted in grey scale
based 0]1 the radar brightness of the terrain, Color saturation ovcv the iceficld  is modulated
by radar brightness.

l’igure 6. I’llase coherence image of the ],agulla Sail ltafacl, Chile at (a) 1,-balld  frequency,
vertical transmit and rcccivc polarization; (b) C- ban(] frequency, vertical rcccivc and trarls-
lnit polarization. IIrjght areas are’ higl.y corrclatccl ve] sus dark a]ei~s where plla.se coherence
is low.

,?, ,

1+’igurc 7. Ice velocity and surface topography along tile center-]illc of tile San IWael Glacier
as a function  of distance to the calving front . Additional velocity lneasurements  (squares)

o b t a i n e d  froIn feature tracking are also SIIOW]I  near the terminus to compl~tc - and in one
place overlap - the intm-fcromctric measurements.

l’igurc 8. ~’ransvcrsc profile of the surface velocity of the San ltafae] Glacier at 1200 m
(equilibrium line altitude).
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l’igure  9. l;fi_cctivc  strain rate, cc at surface, along t,hc fast portion of the San Rafael Glacier,

]Jigurc 10. (a) I,ongitudinal  resistive stress, 11],1,,  at surface, (b) IIorizonta]  shear resis-
tive stress, 1/1,1,, at surface, (c)  g’ransverse  resis t ive s tress , 11’71 at surface,  of  tile San
ILafacl Glacier.

l~igure  11. (a) l)riving s t r e s s , Td[,; (b) ]ntegrated  ]Ongitudina]  gl”adients  i n  ]Ongitudina]
s t r e s s ,  8}]~I?1,],/8],;  and (c) }]asa] drag, TBI,, of the San ~iafae] G]acier.

]“igure  ]2. ])riving  stress, Tdr,, (continuous thick ]ille), ]]asa]  drag TBI, (long-dotted thick
line), integrated longitudilla]  ,gradicnts i~l lollgitudina] stress 13111{1,1,//)1, (contil~uous  line),
and integrated t,rallsvcrse gradients in shear stress 8111tl,~T/iU’ (dotted thin line) alo]ig  tbe
ccntcr-]ine of the Sail  l{afacl  Glacier versus tllc distance to the calving front.
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T a b l e  1. IIasclinc est imates (B, a, c51J and 6~) for
the ]57/173 and 157/141 pairs

. — .  .—— - — .  . —

]magc Pair 11, In 61), m  o, deg to, dcg
— . . -—.  —

157.8 /173.8 326.9 0.55 -41.6 -0.08
157.8 /141.8 47.8 0.14 -4.5 -0.39

-—.——

Table 2. IIoppler  centroids  at C-band and I,-band of
three images of the l,aguna  San Rafael, along with the
doppler  ccntroid used in the ])roccssor  for each imap,c
pair, and the  corresponding wrccntage of c.ommo)l

\bandwith a t  C-band (IIW C- a n d  J-band (IIW 1 -
) for each image pair. ‘1’he  dopp]cr bandwith was
950 IIz  at both frequencies.

—. —- —— --— .

1 )at a-rl’ake C-band I , -band IIW  C- IIW 1,-
— ——-— —.-— —

141.8 -680 IIz -153 IIz

157.8 /141.8 -588 IIz -138 IIZ 90 % 98 %

157.8 -584 JIz -135 IIz
1.57.8 /173.8 -374 IIz -88 lIz 61 % 91 %

173.8 -218 }Iz -54 ]Iz
—--———.
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